Successful adaptation of agriculture to ongoing climate changes would help to maintain productivity growth and thereby reduce pressure to bring new lands into agriculture. In this paper we investigate the potential co-benefits of adaptation in terms of the avoided emissions from land use change. A model of global agricultural trade and land use, called SIMPLE, is utilized to link adaptation investments, yield growth rates, land conversion rates, and land use emissions. A scenario of global adaptation to offset negative yield impacts of temperature and precipitation changes to 2050, which requires a cumulative 225 billion USD of additional investment, results in 61 Mha less conversion of cropland and 15 Gt carbon dioxide equivalent (CO 2 e) fewer emissions by 2050. Thus our estimates imply an annual mitigation co-benefit of 0.35 GtCO 2 e yr −1 while spending $15 per tonne CO 2 e of avoided emissions. Uncertainty analysis is used to estimate a 5-95% confidence interval around these numbers of 0.25-0.43 Gt and $11-$22 per tonne CO 2 e. A scenario of adaptation focused only on Sub-Saharan Africa and Latin America, while less costly in aggregate, results in much smaller mitigation potentials and higher per tonne costs. These results indicate that although investing in the least developed areas may be most desirable for the main objectives of adaptation, it has little net effect on mitigation because production gains are offset by greater rates of land clearing in the benefited regions, which are relatively low yielding and land abundant. Adaptation investments in high yielding, land scarce regions such as Asia and North America are more effective for mitigation.
Introduction
Climate change mitigation is defined as 'an anthropogenic intervention to reduce the sources or enhance the sinks of greenhouse gases' [2] . Climate adaptation, on the other hand, is often defined as 'adjustment in natural or human systems in response to actual or expected climatic stimuli or their effects, which moderates harm or exploits beneficial opportunities' [2] . Mitigation and adaptation are most often viewed as two separate but complementary approaches to avoid damages from climate change. Any investment portfolio to reduce impacts should have some component of each, and many integrated assessment studies have evaluated the optimal global mix of mitigation and adaptation efforts [3, 4] . The two are mainly viewed as substitutes for each other, with more investment in mitigation reducing the need for adaptation, and vice versa. As substitutes, mitigation and adaptation are also often in direct competition for a finite pool of resources devoted to climate change (e.g., the Green Climate Fund).
Recently, attention has also been paid to the more direct connections between mitigation and adaptation [5] . These connections include possible synergies, such as when sequestering carbon in soils also improves their ability to retain moisture and cope with drought, as well as conflicts or 'disharmonies' [6] , such as when increased irrigation pumping or indoor air conditioning to deal with heat waves leads to additional energy use and associated greenhouse gas (GHG) emissions. Synergies are attractive because they offer the chance to make more efficient use of limited resources for reducing climate damage. However, quantitative measures of the effects of different activities on both mitigation and adaptation remain lacking, and without these measures it is very difficult to identify the true potential and attractiveness of specific activities.
In this paper, we focus on an activity that has not yet received attention in the literature on harmonizing climate adaptation and mitigation: investing in agricultural research and development (R&D) for adaptation to climate change. In most discussions, investments in agricultural adaptations are viewed exclusively within the realm of adaptation, and they are accordingly funded out of the adaptation portions of climate funds (which are typically much smaller than mitigation portions). However, the goal of adaptation activities, such as adoption of drought tolerant seeds or improved irrigation, is often to maintain productivity in agriculture, which in turn is an important determinant of overall land use decisions. Given that land use change remains an important source of GHG emissions, investments in agriculture have potential impacts on mitigation efforts. A recent study [7] , for example, estimated that global investments in agriculture over the past 50 years helped to avoid emissions at an effective rate of $4-$9 per tonne CO 2 e-a figure which is competitive with many current mitigation activities.
The goal of this paper is to quantify the potential effects of future adaptation investments on global GHG emissions, using a model that represents the dynamics of food production, consumption, and land use change. Section 2 provides a brief background on the links between agricultural productivity, land use change, and GHG emissions. Section 3 describes the model used in this study and the experimental design. Section 4 presents the main results along with uncertainty and sensitivity analysis, and section 5 discusses conclusions and implications. Given the many links that connect agricultural investments to GHG emissions, and the limited knowledge on each of these links, we do not view estimates from this or any other study as definitive. Rather, the goal is to determine plausible expected values and ranges of uncertainties and, perhaps most usefully, to identify with sensitivity analysis the key model parameters to resolve in order to improve future estimates. Our conclusions therefore include suggestions on where to focus future data collection and modeling efforts on this topic.
Background on agricultural productivity and land use change emissions
The link between agricultural productivity and land use change was most famously emphasized by Norman Borlaug, the so-called 'father of the Green Revolution', who argued that (i) people need to eat, (ii) the amount of food available is the product of total cropland area and the yield per hectare, and therefore (iii) yield gains reduce the amount of total cropland area needed, and thus help to avoid global cropland expansion. This 'Borlaug Hypothesis' has been widely discussed in the literature, much of which points to factors that modify the link between productivity and land use. In particular, the local land saving effect of technology for higher yields is strongest when it is adopted over broad areas, in areas that do not have large and mobile labor supplies, and for items which have price-inelastic demand (i.e., price reductions do not spur large increases in demand) [8] .
In contrast, higher yields can sometimes increase local land use change, by making production and expansion more profitable. This so-called 'Jevons' paradox' is especially likely if yield gains are only realized locally, if local suppliers are connected to global markets, and if it occurs for commodities for which demand is very price elastic [8] . However, even in these situations, local increases in land expansion are likely to be offset by reductions in area expansion in the rest of the world [9] .
Although often mischaracterized, the 'Borlaug hypothesis' does not imply that higher yields are sufficient in themselves to avoid cropland expansion over time, either at the local or global scale. Nor does it imply that individual countries with higher yield growth should have less land use change, given the reality of globally integrated markets. Therefore, the 'Borlaug hypothesis' is most fairly evaluated at global scale rather than at country scale. Moreover, only by comparing observed cropland areas to a counterfactual scenario of no yield increase, rather than to cropland areas at previous points in time (when populations and incomes were different), is it possible to isolate the impact of technological change on land use. In summary, a lack of correlation between yield growth and area expansion across space [10] or simultaneous increases in global yields and cropland area do not refute the basic concept that higher yields are land saving.
Past research therefore points to two clear needs for analysis of agricultural productivity and land use. First is to ensure that studies look beyond local scales to consider global-scale dynamics in agricultural trade and land use. Second is to identify a credible counterfactual scenario. The simplest approach is to specify different scenarios of what total food consumption would have been in the absence of yield growth, and then to compute associated cropland area requirements [7] . A more involved approach specifies population and income growth, as well as various parameters that define the responsiveness (or elasticity) of supply and demand to price and income changes, and then uses a partial or general equilibrium model to endogenously determine how food prices and land use patterns change. For example, Evenson et al [11] used IFPRI's partial equilibrium IMPACT model to estimate the land saving effect of investments in the Green Revolution, and Stevenson et al [9] used the general equilibrium GTAP model to revisit this question as well as explore the effects of recent yield increases in Brazilian soybean and Indonesian oil palm.
Translating land use change to estimates of GHG emissions requires an additional layer of assumptions about the emissions factors associated with land conversions. Land use change has long been understood as an important contributor to global GHG emissions [12] , but geographically explicit estimates of how much GHG is released upon conversion of specific land areas continues to be refined. In estimating GHG emissions for historical scenarios, for example, Burney et al [7] calculated expansion into each biome by assuming historical patterns of clearing by biome were followed in the counterfactuals, and then used biome-specific emissions factors.
In summary, there is strong evidence that cropland expansion is a source of GHG emissions, and there are strong arguments (albeit less direct evidence) that raising global average productivity leads to smaller rates of global cropland conversion. However, these two statements do not necessarily guarantee a net reduction of GHG emissions from higher yield growth, as a net global reduction in cropland area could result from decreases in carbon poor areas and expansion in carbon rich areas (e.g., tropical forests or peatlands). Thus, the spatial pattern of yield improvements and associated land use changes are also of concern. Figure 1 presents an overview of the study approach. We begin by defining a scenario of agricultural technological change for the year 2050, where technology change here is defined as growth in total factor productivity (TFP), i.e. an index of outputs attainable from a given amount of total inputs. Different scenarios of TFP are used to reflect different scenarios of adaptation investment, as described in more detail below. The TFP scenario, along with scenarios of population and income changes, are then fed into a partial equilibrium model (described in section 3.2), which calculates the resulting world crop prices and cropland areas by region. Expansion of cropland area in each region is then multiplied by a GHG emission factor to compute total CO 2 e emissions from cropland expansion, while area contraction is multiplied by a region-specific sequestration factor. Finally, the total amount of investment required to achieve the TFP scenario is computed. By comparing scenarios with and without adaptation investment, we then compute the total CO 2 e emissions and agricultural investment changes associated with adaptation. From these we can calculate the ratio of investment to mitigation, or the dollars per ton of CO 2 e avoided. It is important to bear in mind that computing the mitigation costs in this way attributes all of the expenditure to mitigation, whereas the primary motivation for this investment is adaptation. Given the many parameters involved in this process, an essential part of this study is uncertainty and sensitivity analysis. The entire process above is therefore repeated a large number of times, with different parameter values chosen each time based on standard sensitivity analysis techniques (described below). From this analysis we summarize the distribution of plausible outcomes as well as the relative importance of different parameters in overall uncertaintyinformation which is useful to guide future investments in data for decision making with respect to climate policy.
Methods

Overview
Model description
We use the 'SIMPLE' model (simplified international model of agricultural prices land use and the environment) for our simulations (described in the supplementary information (available at stacks.iop.org/ERL/8/015012/mmedia) and more fully in [13] ). As the name suggests, this economic model is designed to be as simple as possible, while retaining sufficient region and sector richness to reflect global changes in food demand, crop production and cropland use. Crops are produced in seven geographic regions, which is clearly a simplification of real-world heterogeneity but captures broad-scale regional disparities. Crop supply is increased by producing at the extensive margin-via expansion of croplands-and at the intensive margin in the form of increased crop yields. The demand for crop output is derived from the global feedstock demand by the world biofuel industry, direct food consumption and indirect consumption as livestock feed or raw inputs into the processed food sector. Demand for each of these end-uses is determined by changes in income, prices, and population. Consumption is defined over five regions, differentiated by per capita income level. These regional distinctions capture the differential impact of income growth on food demand as income levels rise, and the shifts in crop production and cropland use across geographic regions. In this long run model, global crop production is required to equal global demand for crops and there is a single world price for this aggregated crop product.
Since our goal is to project forward for more than 40 years, we first validate the model by backcasting from 2006 to 1961, a period over which agricultural output rose by nearly 200%, while cropland area expanded by just 16%. Using only population, income and total factor productivity (TFP) in crops, livestock and food processing, the model is able to endogenously capture these broad developments in global agriculture over this period-in particular the dominant expansion at the intensive margin (for details, see [13] ).
Forward looking model simulations from 2006 to 2050 require baseline assumptions on growth rates of key drivers of global cropland use over this future period. These are reported in table 1. Population growth rates are taken from the UN World Population Prospects [14] using the 'Medium' fertility scenario. These rates vary greatly across regions. The highest population growth rate is in the poorest countries (driven by Africa), while the lowest growth rates are in the highest income region and the low middle income region (dominated by China which has sharply limited population growth through its one-child policy). Regional income growth rates are based on extension of the projections from the USDA ERS International Macroeconomic Data Set [15] . These growth rates tend to decline with rising income levels. Future growth in biofuel production is a global-scale shock to crop demand and is based on the IEA's World Energy Outlook 2010 [16] under their 'current policies' scenario. The encroachment of built lands into existing croplands is also considered using built-up land expansion rates from [17] . Technical changes in the crop, livestock and processed food sectors are modeled via changes in TFP. TFP growth rates for these sectors are taken from [18] [19] [20] , respectively.
In the sensitivity analysis, we vary 15 key global model parameters which govern crop production, commodity demand and GHG emissions from cropland changes (table 2) . Crop production parameters include the elasticity of substitution between land and non-land inputs, as well as the price elasticity of land and non-land input supplies. Selected global parameters are scaled in each region to reflect regional differences in land availability (table S1). Demand for each commodity is governed by income and price elasticities which decline with growth in per capita income. This relationship is directly incorporated in the model using parameters from linear regressions of the elasticity estimates of Muhammed et al [21] on per capita income. Changes in cropland cover simulated in SIMPLE are translated into direct GHG emissions or sequestration using global emission factors for non-cropland to cropland conversion and for cropland to non-cropland conversion. The emission factors are taken from [22] , although other potential sources of such data also exist [23] . Other model parameters include the global conversion factor from urban land to croplands and the elasticity of yields with respect to investments in agriculture, which is used to estimate the cost of achieving a given change in TFP.
A key feature of SIMPLE is its computational simplicity, which allows the model to be run a large number of times to fully explore the parameter space. This is analogous to the use of simplified integrated assessment models such as DICE [4] , as well as intermediate complexity models in climate science [24] , which reproduce the broad behavior of more complex models but sacrifice detail in order to allow a much larger number of simulations for activities such as sensitivity analysis.
Experimental design
Three separate scenarios are simulated in order to investigate the effects of adaptation on emissions:
(1) A reference scenario (S1) in which the full effects of temperature and precipitation changes on agriculture are evidenced. This is the 'no planned adaptation' casealthough the economic system does permit adjustment to these shocks, and the shocks themselves account for some autonomous biophysical adaptation. To represent climate impacts, we take the baseline values for TFP growth in SIMPLE and add the annualized impacts of climate change estimated by Müller et al [25] for the 2010 World Development Report [26] . Müller et al report impacts by mid-century, both with and without effects of CO 2 fertilization. Here we use the impacts without CO 2 effects, which reflect only the effects of changes in temperature and precipitation. Importantly, the modeling approach used by Müller et al accounts for autonomous adaptations such as switching among existing crops and varieties. It is therefore appropriate to assume that planned adaptations, such as investment in new research, are needed to adapt to the impacts used here. Table 1 presents the impacts of projected 2050 temperature and precipitation changes on TFP, which are negative in all regions except Europe.
Although we rely on a single study of climate impacts, these estimates are broadly consistent with other global assessments in the literature, which anticipate negative impacts in most developing countries [27, 28] .
(2) A scenario in which all regions fully adapt to climate change (S2), meaning that they restore their TFP to the levels that would have prevailed without temperature and precipitation changes. Europe, which is the lone region in [25] to benefit from climate changes to 2050, is not adjusted under this scenario, as no planned adaptation is required. Note that by ignoring the benefits of CO 2 , we focus here on adaptation investments aimed at avoiding the negative effects of warming and precipitation changes, and assume the levels of investment needed for this goal are not affected by CO 2 levels. This assumption ignores potentially important issues such as interactions between high temperatures and CO 2 .
(3) A scenario in which only Latin American and the Caribbean (LAC) and Sub-Saharan Africa (SSA) adapt to climate change (S3). Again, adaptation is defined in this scenario as restoring TFP to pre-impact levels. This scenario is intended to probe the potential importance of regional disparities in adaptation investment, given that the 'land saving' effect of productivity gains depends on where those gains are realized (see section 2). LAC and SSA have the highest land supply elasticities of all regions (table S1), as well as relatively low yields, both of which are conditions that reduce the land saving effect. Scenario S3 is therefore intended to represent a lower bound scenario for the mitigation benefits of adaptation. It will be contrasted with the broad-based adaptation scenario of S2.
Calculating costs and mitigation benefits of adaptation
For scenarios S2 and S3, the total amount of investment needed to fully adapt to climate change (i.e., restore TFP to levels without climate change) in each region is calculated by assuming an elasticity of TFP to investment of 0.3. That is, a 10% increase in agricultural investment is assumed to result in a 3% increase in TFP. This value is taken from Nelson et al [27] , where it is based on expert estimates on effects of spending on R&D. However, most econometric analyses in the literature give quite similar values for this key parameter [29] . We also vary this value by ±30% in sensitivity analysis, as described below. Importantly, in light of the substantial lags between research expenditures and adoption of new technologies [30] we assume that R&D investment must be sustained for 20 years in order to result in permanent effects on TFP. Specifically, total investment in a region is calculated as:
where AGINV 0 is the current annual public and private investment in agricultural R&D in a given region, obtained from Pardey et al [31] , (TFP REF − TFP CC ) corresponds to the TFP impact of climate change in the absence of adaptation, and EINVW is the elasticity of TFP with respect to R&D investment. By focusing on R&D investments alone, we do not explicitly consider other ancillary public and private investments that are likely needed for adaptation, such as irrigation infrastructure or roads [27] . Implicitly, we therefore assume that these other investments have similar marginal returns as R&D over the scales considered in this study. Strictly speaking, however, our results should be interpreted as the mitigation benefits of investment in R&D, rather than a broader suite of adaptation investment.
Uncertainty and sensitivity analysis
A common shortcoming of models that forecast agriculture and land use change is a lack of rigorous uncertainty and sensitivity analysis (UA and SA, respectively). For many models, the large number of parameters and computational expense of each model run make it prohibitive to systematically explore parameter space. Simple screening techniques are sometimes used, in which parameters are changed one-at-a-time while all others are held fixed at baseline values, but these techniques have well known limits when applied to models with many interacting and nonlinear equations [32] . Due to its parsimony, SIMPLE affords an opportunity to apply more complete UA and SA techniques. For UA, we reran SIMPLE 1000 times, each time with model parameters randomly chosen from predefined distributions. A total of 15 model parameters were varied, with the range of values and their sources listed in table 2, and a triangular distribution assumed for each parameter. Rather than vary regional parameters independently, we defined a global value for each set of parameters, with regional values defined relative to the global value (table S1). This is consistent with the sourcing of our parameter estimates, which are typically geared around one point estimate which is subsequently differentiated by region according to income (price and income elasticities) or land endowment (land supply elasticities). Thus, in each run of the model, all regional values were moved up or down together based on the global value.
For SA we employ the Morris method [1] , which is a global one-at-a-time SA approach detailed in the supplementary information (available at stacks.iop.org/ERL/ 8/015012/mmedia) [32] . For presentation, we divide all importance measures from the Morris method by the maximum value to produce a normalized importance measure that ranges from 0 to 1 for each model output.
The UA and SA focus on the key parameters of the model, but not on the input scenarios of population, income and climate change impacts. All results should therefore be considered conditional on these particular scenarios, although we anticipate that most results are robust across various scenarios. An exception is the total investment costs and mitigation potential of adaptation, which depends on the climate change impacts. Results for scenarios with higher or lower climate impacts resulted in proportionally higher or lower investment costs and mitigation potential (not shown). However, since the mitigation cost per tonne CO 2 e is calculated as the ratio of these two values, it was unaffected by changing the climate impact scenario.
Results and discussion
Estimates and uncertainties
In the reference scenario (S1), in which the effects of climate change are not avoided with adaptation (and we ignore the benefits of CO 2 fertilization), global food prices increase by 32% by 2050, compared to 2006 (table 3, figure 2(a) ). Global crop production increases by 96%, which comes from a 23% expansion of cropland area and 60% increase in crop yields (table 3) . The majority of cropland expansion occurs in Latin America and the Caribbean (LAC) and Sub-Saharan Africa (SSA), because these areas are prescribed to have the most elastic land supply response to prices (higher values for ELAND) (table S1 available at stacks.iop.org/ERL/8/015012/ mmedia). Compared to the 45 year historical period, this is a much slower growth rate in total output, reflecting the slower rate of population and income growth and the declining income elasticities of demand for food as incomes rise. The doubling of global production and 60% yield increase is consistent with other recent projections of crop demand and supply in 2050 [33, 34] . It is also notable that relatively more of the production growth comes from cropland area expansion (23% versus only about 8% over the historical period). This reflects in part the lower yield growth owing to climate change (compare columns S1 and S2 in table 3). When compared to the IFPRI baseline with climate change impacts included (113%-194%, depending on crop type and climate model used), our price increases are much more modest. This is a function of many factors, but foremost among these are the smaller climate change impacts from Müller et al [25] and the larger demand and supply elasticities in our model. Hertel [35] suggests that the IFPRI elasticities are not truly long run, and argues that this is an important reason for the very strong price effects emerging from that model.
All three scenarios result in cropland expansion and associated GHG emissions, with a total of 87 Gt CO 2 e emitted from conversion of 322 Mha in the reference scenario (table 3) . The 5-95% confidence intervals around these numbers are 44-130 Gt CO 2 e and 213-464 Mha, respectively (figure 2). These uncertainties reflect the imperfect knowledge of all of the economic and biophysical parameters shown in table 2. The fact that emission outcomes span a larger range than land expansion outcomes (factor of three compared to a factor of two) indicates the effect of additional uncertainty that enters when translating land conversion rates into emission rates (i.e. NCRP2CRPW and CRP2NCRPW in table 2). As expected, a scenario of adaptation in those regions of the world where climate impacts are negative (S2) results in a diminution of crop prices and cropland expansion, when compared to S1. Price increases of 32% in S1 are cut by two-thirds to 10% in S2, and 61 Mha of land are spared from conversion to agriculture (a reduction of roughly 20% from S1). Associated with this reduction in cropland expansion is a net decrease in cumulative emissions of 15 GtCO 2 e (0.34 Gt per year), with a 5-95% confidence interval of 11-19 Gt CO 2 e (0.25-0.43 Gt per year).
A scenario of adaptation focused only in LAC and SSA (S3) helps to reduce crop prices and sustain higher levels of consumption than in S1. However, in contrast to S2, S3 shows very small effects on global cropland area or GHG emissions compared to no adaptation. Scenario S3 does result in lower cropland area and emissions in some regions relative to S1, but these gains are offset by increases in area and emissions in LAC and SSA relative to S1 (figure 3).
These results emphasize the importance of regional disparities in land supply elasticities and average yields. Because LAC and SSA have relatively high elasticities (ELAND), improving economic returns to cropping, in these regions alone, provides a strong incentive to clear more land. Moreover, because these regions are low yielding relative to others, it takes more land to produce the same amount of crop output. This result is consistent with the observation that carbon loss per ton of food produced on each hectare of new land is greatest in tropical regions [36] . Emission factors per ha (NCRP2CRP) in LAC and SSA are slightly higher and lower, respectively, than the global average, so additional emissions in these areas roughly equals the emissions reductions in other regions (with a slight net reduction in the median case).
The median estimated cumulative costs associated with adaptation in the simulations are $225 billion USD for S2 and $21 billion USD when adaptation is focused exclusively on LAC and SSA (S3). The ratio of investment costs to total emissions savings for each scenario indicates a median mitigation cost of $15.20 USD per tonne CO 2 e in (S2), and more than three times that amount ($55.20) for S3. The distributions of these values across all simulations are skewed to the right (figure 4), with a 5-95% confidence interval of Are mitigation benefits of roughly $15 USD per tonne CO 2 e in scenario S2, with a total abatement of 15 Gt CO 2 e over 2006-2050, large enough to be economically relevant within the current policy environment? For comparison, market prices for carbon on the European Energy Exchange have fluctuated between $10-$20 USD per tonne CO 2 e in the period since 2010 (www.eex.com/en/MarketData). As of 1 July 2012, Australia implemented a carbon tax of slightly more than $24 USD per tonne CO 2 e (www.cleanenergyfuture. gov.au/). Most estimates of the likely future marginal cost of emissions reductions required to keep atmospheric CO 2 e at or below 550 ppm are well above $15 [37, 38] . On a mitigation cost basis alone, investing in agricultural adaptation therefore appears to be a reasonable mitigation strategy.
The abatement potential, which is determined here by the total amount of climate impacts to be avoided with adaptation, is roughly 0.35 Gt CO 2 e per year. This is at the low end of various potential mitigation activities, similar to activities such as improved waste management or increased co-firing of biomass [37, 39] . Of course, the mitigation potential of agricultural investments defined more broadly (i.e. not only those focused on adapting to climate change) is substantially higher [7, 40] .
Sensitivity analysis
Given the many uncertainties involved in estimating the quantities presented in section 4.1, here we evaluate which parameters contribute most to uncertainty and therefore deserve most scrutiny for future refinement. We begin with an analysis of the results in the reference scenario (S1), which summarize the behavior of the economic model ( figure 5 ). The most important parameter for projecting price changes by 2050 (taking population and income levels as given) is the globally averaged price elasticity of non-land inputs (ENLANDW, e.g., fertilizer, irrigation capital, hired labor). If these inputs are very responsive to prices, then less of a price increase is needed to spur production increases. Indeed, as the price elasticity of non-land inputs approaches infinity (i.e., these variable input prices are dictated entirely by the nonfarm economy) then the output supply response for crops is determined entirely by the potential for substituting these inputs for land (ECROPW) since land is the relatively scarce factor of production. In addition, the ability to expand land area in response to higher prices (ELANDW) is also a key factor in determining the crop price change over the baseline.
For changes in total production ( figure 5(b) ), the income elasticities of demand play a larger role, and ENLANDW remains important because it influences price increases, which in turn curbs consumption. Cropland area and yields (figures 5(c) and (d)) are sensitive to similar factors, which is unsurprising since these represent two complementary margins on which production can be increased. The two most important parameters for both area and yield changes are ELANDW and the elasticity of substitution between land and non-land inputs (ECROPW).
Turning to the outcomes of main interest in this paper, the amount of cropland expansion avoided by adaptation ( figure 6(a) ) is unsurprisingly sensitive to the same factors that determine overall cropland area expansion in the reference scenario. Emission savings associated with the avoided expansion is most sensitive to NCRP2CRPW, the parameter that prescribes the amount of CO 2 e emitted when converting one hectare of cropland in each region ( figure 6(b) ), with parameters affecting total amount of land conversion of secondary importance, but still significant. Finally, the cost of emissions is roughly equally sensitive to the emissions factors and EINVW, the elasticity of productivity to investments in agriculture (figure 6(c))-these being the 'front line' parameters involved in the determination of the co-benefits and costs, respectively, of adaptation.
Overall, the sensitivity analysis results demonstrate that both demand and supply side parameters influence the trajectory of future production and land use, as well as the benefits of agricultural investments for mitigation. However, the parameters whose current level of uncertainty most influence the key results are the responsiveness of productivity to investment, the amount of CO 2 e lost upon conversion of non-cropland into cropland, the price elasticity of land supply, and the elasticity of substitution of non-land for land inputs in crop production.
Conclusions
Three outcomes of this study appear worthy of emphasis. First, the mitigation co-benefits of investing in agricultural adaptation appear substantial. The total mitigation potential (0.35 Gt CO 2 e per year) and cost ($15 per tonne CO 2 e) of broad-based investments in adaptation are themselves attractive enough to rival many other mitigation activities, notwithstanding the more direct economic benefits for consumers that come from higher productivity and lower prices for food. Indeed, these co-benefits would themselves be sufficient to justify widespread agricultural adaptation investments given current carbon prices in, for instance, Europe and Australia.
Second, although focused adaptation efforts in regions such as Africa may be justified from the standpoint of improving food security, improvements in these areas are relatively ineffective from a mitigation standpoint. Indeed, avoiding negative impacts of climate change in South and East Asia, where current yields are higher and potential supply of new croplands is smaller, are more important for maintaining global productivity and stemming cropland expansion.
Third, key parameters needed to improve upon the estimates here include those related to responsiveness of land supply to food prices, the potential for intensification of crop production, the responsiveness of productivity to research investments, and the emission intensity of converting native lands to cropland. Additional datasets and analyses related to these factors appear more useful, for example, than efforts to determine demand responses to incomes or prices. Despite these remaining needs, however, uncertainty analysis indicates a low (5%) chance that mitigation via global agricultural investment will exceed a cost of $22 per tonne CO 2 e. We therefore conclude that investments in climate adaptation in agriculture represent a good opportunity for climate mitigation, adding to the more widely acknowledged benefits of adaptation for poverty reduction and enhanced food security.
